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The mechanisms by which a subset of mesodermal cells are committed to a nephrogenic fate are largely unknown. In this study, we have
investigated the role of retinoic acid (RA) signalling in this process using Xenopus laevis as a model system and Raldh2 knockout mice.
Pronephros formation in Xenopus embryo is severely impaired when RA signalling is inhibited either through expression of a dominant-
negative RA receptor, or by expressing the RA-catabolizing enzyme XCyp26 or through treatment with chemical inhibitors. Conversely,
ectopic RA signalling expands the size of the pronephros. Using a transplantation assay that inhibits RA signalling specifically in pronephric
precursors, we demonstrate that this signalling is required within this cell population. Timed antagonist treatments show that RA signalling is
required during gastrulation for expression of Xlim-1 and XPax-8 in pronephric precursors. Moreover, experiments conducted with a protein
synthesis inhibitor indicate that RA may directly regulate Xlim-1. Raldh2 knockout mouse embryos fail to initiate the expression of early
kidney-specific genes, suggesting that implication of RA signalling in the early steps of kidney formation is evolutionary conserved in
vertebrates.
© 2006 Elsevier Inc. All rights reserved.Keywords: Retinoic acid; Cyp26; Raldh2; Xenopus; Pronephros; Pax-8; Lim-1Introduction
During early vertebrate development, the fate of initially
pluripotent cells becomes progressively restricted to more and
more limited developmental choices. The first major events in
this process are the allocation of cells to the primary germ
layers i.e. ectoderm, mesoderm and endoderm, and the
patterning along the embryonic axes. In Xenopus, embryonic
mesoderm arises from a ring of cells, the marginal zone,
located equatorially between the animal and vegetal hemi-
spheres of the blastula. The marginal zone will give rise to a⁎ Corresponding author. Fax: +33 1 44 27 34 45.
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doi:10.1016/j.ydbio.2006.06.047characteristic tissue pattern whose dorso-ventral sequence in
the tadpole is notochord, muscle, pronephros and blood (Dale
and Slack, 1987; Kessler and Melton, 1994). During
gastrulation, molecular signals and morphogenetic movements
establish a set of coordinates along the anterior–posterior and
dorso-ventral axes. Soluble inducing factors secreted from the
Spemann Organizer are proposed to result in the specification
of dorsolateral fates such as somites, pronephros and heart
(Harland and Gerhart, 1997; Heasman, 1997). Among these
factors, inhibitors of the Bone morphogenetic protein (BMP)
pathway such as noggin and chordin are crucial for mesoderm
patterning (Dale and Jones, 1999). In Xenopus and zebrafish,
BMP signalling is highest on the ventral side of the embryo
and loss of BMP signalling in both species leads to expansion
of dorsal structures, such as trunk muscle, at the expense of
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Pyati et al., 2005). Most experiments concerning mesodermal
patterning are focused on notochord, muscle and blood
specification. While several genes have been shown to be
crucial for pronephric kidney morphogenesis (Brandli, 1999;
Drummond, 2003; Hostetter et al., 2003; Vize et al., 1997),
little is known about the signals responsible for the
commitment of undifferentiated mesodermal cells to a
nephrogenic fate. These signals function during gastrulation
and by the early neurula stage pronephric mesoderm can be
explanted and form pronephric tubules and glomus in
isolation (Brennan et al., 1998; Brennan et al., 1999). In
Xenopus, Xlim-1 and XPax-8 are the earliest identified
markers of pronephros specification in the presumptive
pronephric field (Carroll and Vize, 1999; Carroll et al.,
1999). At late gastrula stage, the expression domains of these
two genes overlap in the region that will eventually form the
pronephros. Co-expression of XPax-8 and Xlim-1 leads to the
formation of enlarged and ectopic pronephroi at high
frequency (Carroll and Vize, 1999) and development of the
pronephric tubules is inhibited by expression of Xlim-1-Enr, a
fusion mutant with an engrailed repressor domain (Chan et
al., 2000). Expression of Lim-1 and Pax-8 in the intermediate
mesoderm fated to give rise to the pronephros is conserved in
zebrafish and mouse (Barnes et al., 1994; Bouchard et al.,
2002; Fujii et al., 1994; Pfeffer et al., 1998; Plachov et al.,
1990; Toyama and Dawid, 1997; Tsang et al., 2000). In these
species, in addition to Pax-8, Pax-2 (Pax-2.a in zebrafish)
marks the intermediate mesoderm during pronephros specifi-
cation while in Xenopus expression of the orthologue XPax-2
normally commences at tailbud stage, several hours after the
pronephros is specified and the XPax-8 and Xlim-1 domains
are established (Carroll and Vize, 1999). Knockout and
transgenic studies identify Lim-1 and Pax-2/8 as critical
regulators of nephric lineage specification. Pax-2 and Pax-8
have redundant function in kidney development, but in the
absence of both transcription factors the intermediate
mesoderm is unable to undergo mesenchymal–epithelial
transition necessary for nephric duct formation and fails to
express markers of nephric identity (Bouchard et al., 2002;
Mansouri et al., 1999). Using microsurgical manipulation of
the chick embryo, Pax-2 expression in the intermediate
mesoderm was shown to depend on a BMP-4 signal released
by the surface ectoderm and on unidentified signals from the
paraxial mesoderm (Mauch et al., 2000; Obara-Ishihara et al.,
1999). However, the precise molecular mechanisms regulating
Pax-2/8 and Lim-1 expression in the intermediate mesoderm
remain to be elucidated.
Retinoic acid (RA), a metabolite of vitamin A, has proven
to be necessary for proper development of the vertebrate
embryo. Vitamin A deficiency (VAD) results in a spectrum of
developmental malformations including patterning defects in
the central nervous system, circulatory and hematopoietic
systems, limbs and trunk (Clagett-Dame and DeLuca, 2002;
Maden, 2000). Conversely, when RA is available to embryos
in the wrong places or the wrong times it is a potent
teratogen. RA binds to a family of nuclear receptors, the RAreceptors (RARs-α, -β, -γ and their isoforms), which form
heterodimers with retinoid X receptors (RXRs -α, -β, -γ) to
control the expression of target genes containing RA response
elements (RAREs) (Bastien and Rochette-Egly, 2004; Cham-
bon, 1996). RA signalling depends on the coordinated
expression of specific synthesizing enzymes, the RA-synthe-
sizing retinaldehyde dehydrogenases (RALDHs) and the
CYP26 catabolizing enzymes. As RA can diffuse freely
across solid tissues, the local expression sites of the metabolic
enzymes represent potential spatial patterning tools: the
RALDHs form the origins of RA diffusion gradients and
the CYP26s generate abrupt steps in RA levels (Sirbu et al.,
2005). In situ hybridization (Niederreither et al., 1997) and
enzymatic studies (McCaffery and Drager, 1995) have shown
that Raldh2 is the prominent RALDH activity during early
embryogenesis. Knockout of the Raldh2 gene results in
embryonic lethality at embryonic day E9.5–10.5, caused by
severe trunk, hindbrain and heart defects (Niederreither et al.,
1999; Niederreither et al., 2001; Niederreither et al., 2000).
Using a RARE-LacZ reporter transgene, Raldh2−/− null
embryos were shown to lack any detectable RA activity,
except in the eye field which contains other RALDH enzymes
(Mic et al., 2002). Raldh2 and Cyp26a1 knockout and
expression studies indicate that the tightly regulated synthesis
and distribution of RA is crucial during late stages of
gastrulation (Abu-Abed et al., 2001; Fujii et al., 1997;
Niederreither et al., 1997; Sakai et al., 2001). As there is good
evidence that RA signalling is essential for mesodermal
patterning (Maden, 1999; Ruiz i Altaba and Jessell, 1991), we
hypothesized that it might be essential for pronephros
development. This hypothesis is based on two observations.
First, the expression characteristics of the synthesizing and
catabolizing enzymes in Xenopus suggest that RA signalling
is active in the mesoderm during gastrulation and early
neurulation when the pronephric precursors are being
specified. XRaldh2 and XCyp26 show non-overlapping,
complementary expression domains in the gastrula marginal
zone. XRaldh2 expressing cells are located in the internal
involuting mesoderm, whereas XCyp26 mRNA appears to be
restricted to the epithelial layer of the involuting domain
(Chen et al., 2001; Hollemann et al., 1998). Second, treatment
of Xenopus blastula animal caps with activin A plus RA
results in the formation of pronephric cells. Although RA are
used at non physiological doses in this in vitro assay, the
induced cells express differentiation markers characteristic of
the correct developmental stage and in the correct develop-
mental sequence (Brennan et al., 1998; Moriya et al., 1993;
Osafune et al., 2002).
Yet, involvement of endogenous RA signalling in prone-
phros specification has not been demonstrated. In order to test
this hypothesis, we have analysed pronephros development in
Xenopus and mouse embryos in which RA signalling has
been manipulated. Our results show that defective RA
signalling greatly impairs pronephros development. We further
demonstrate that RA signalling is required during gastrulation
for the onset of Xlim-1 and XPax-8 expression within the
pronephric precursors.
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Embryo culture
Xenopus laevis eggs were obtained from females injected with 500 IU of
human chorionic gonadotropin, artificially fertilized, dejellied with 2% cysteine
hydrochloride (pH 7,8) and cultured in 0.1 X MBS (Modified Barth's Saline).
All–trans retinal (ATR, Sigma) and all–trans retinoic acid (RA, Sigma) were
dissolved in ethanol to a concentration of 0.01 M and further diluted to 10 μM in
0.1 X MBS for embryos culture. Stock solutions of citral (Sigma) and BMS-453
(Brystol-Myers-Squibb) were prepared in ethanol and diluted at least 1000-fold
into embryo culture medium. Embryos and combined marginal zones were
incubated for different time periods respectively in 0.1 X MBS and 1 X MBS,
supplemented with 120 μM citral or 10 μM BMS-453. Afterwards, they were
washed several times and cultured until the desired stages. Carrier controls
(ethanol) were performed at the highest solvent concentration that the
experimental embryos received. Cycloheximide (CHX) was used at 10 μg/ml.
Xenopus embryos were staged according to Nieuwkoop and Faber (1967).
Raldh2-null mutant mice have been described in Niederreither et al. (1999).
Combined marginal zones and transplantation assay
For combined marginal zones, dorsal and ventral fragments (consisting of a
wedge of 30–35° wide) of early gastrula (stage 10) marginal zones were isolated
using a platinum wire and a platinum loop. They were combined and cultured in
1 X MBS with or without BMS-453 until the late tailbud stage. For the
transplantation assay, small pieces of explants were dissected in the marginal
zone fated to give pronephros (at 45°) at the gastrula stage 10 from RLDx
(Rhodamine-labeled lysinated dextran) injected embryos and embryos co-
injected with a GFP (Green Fluorescent Protein) lineage tracer and the dnRAR
mRNA. Ten pieces of each were transferred to a Ca2+ and Mg2+ free medium
(50.3 mM NaCl, 0.7 mM KCl, 9.2 mM Na2HPO4, 2H2O, 0.9 M KH2PO4,
2.4 mM NaHCO3, 1 mM EGTA, pH 7.6) to allow cell dissociation. The outer
layers did not dissociate in these conditions and were removed. Dissociated
inner layers cells were thoroughly mixed and allowed to reassociate in 1 XMBS
to form a large flat aggregate of interspersed GFP/dnRAR and RLDx/wild type
cells. Small pieces (30–50 cells) of the aggregate were cut off and grafted into
the marginal zone of early gastrula stage embryos in the presumptive pronephric
field. After healing in 1 XMBS, host embryos were cultured in 0.1 XMBS to the
desired stage. Some tadpole were fixed and immunodetected for GFP (anti-GFP,
Roche), before being sectioned (10 μm) and analysed with a Nikon Eclipse E800
microscope.
mRNA transcription and microinjection
Capped mRNAs were synthesized and microinjection performed as
described in (Carron et al., 2003). The plasmids used are the following:
pβGFP/RN3P (Zernicka-Goetz et al., 1996), pCS2XCyp26 (Hollemann et al.,
1998), pCS2XRaldh2 (Chen et al., 2001), pCDG-xRARα2386* (Blumberg et al.,
1997); pCDG-xRARα405* for the dnRAR (Blumberg et al., 1997) and
pCS2VP16-xRARα1 (Blumberg et al., 1997).
Analysis of gene expression and β-galactosidase staining
In situ hybridization for the Xenopus genes Xlim-1 (Taira et al., 1994),
XSMP-30 (Sato et al., 2000), XPax-2 (Heller and Brandli, 1997), XPax-8
(Carroll and Vize, 1999), XWT-1 (Semba et al., 1996), the Xenopus RARα,
RARβ, RARγ (Escriva et al., 2006), Xenopus Evi1 (Hoyt et al., 1997) and the
mouse genes Pax2 (Dressler et al., 1990), Emx-2 (Pellegrini et al., 1997) was
carried out as respectively previously reported in (Djiane et al., 2000) and
(Niederreither et al., 1999). RT-PCR was as described (Gawantka et al., 1995).
Forward and reverse primers were respectively for ODC 5′-gTCAATgATg-
gAgTgTATggATC-3′ and 5′-TCCATTCCGCTCTCCTgAgCAC-3′; for XWT-1
5′-CACACgCACggggTCT-3′ and 5′-TgCATgTTgTgATgACg-3′; for XSMP-
30 and 5′-ATggAggAAgAgTgATCCgCATAgATCCTg-3′ and 5′-
TCCgATgTTgCCTgAACACTgAgAgC-3′; for RAR-β 5′-TggAgTCAgTg-
CATgTgAgGA-3′ and 5′-CTgTCAggTCATCCAgCTCTgCT-3′. Staining forβ-galactosidase was done according to previously published procedures (Vize
et al., 1991).
Luciferase assay
Xenopus embryos were injected at the 4-cell stage with 50 pg of a RA-
responsive luciferase reporter gene (Blumberg et al., 1997) (a gift from B.
Blumberg) either with or without XCyp26, dnRAR, VP16-xRARα1 or XRaldh2
encoding mRNA. When indicated, embryos and dissected gastrula lateral
marginal zone explants fated to give pronephros, were treated with 10 μMBMS-
453, 120 μM citral, 10 μM BMS-453, 10 μM all–trans retinal (ATR) or 10 μM
all–trans RA at the early gastrula stage (stage 10). Embryos and marginal zones
explants were harvested at the early neurula stage 13 and assayed for luciferase
activity using the Luciferase assay kit (Promega). Five embryos or 10 lateral
marginal zones were used for each experimental condition, lysed in 150 μl of
lysis buffer and centrifuged at 16000×g to remove cell debris. 5 μl of lysate were
assayed for luciferase activity and 5 μl for determination of protein
concentration. Reporter gene activity was normalized to protein concentration.
Histology
Specimens to be examined histologically were fixed in MEMFA (0.1 M
MOPS, pH 7.4, 2 mM EGTA, 1 mM MgSO4 and formaldehyde 3,7%) for 2 h.
They were rinsed in 0.1× MBS, dehydrated and embedded in Polyethylenegly-
col 400 distearate before sectioning (10 μm) and staining with Giemsa (Sigma).Results
Inhibition of RA disrupts pronephros formation in the embryo
In order to investigate the role of RA signalling in
pronephros formation, embryos were treated with BMS-453
or citral. BMS-453 is a synthetic RA antagonist specific for
RARα and γ; citral (3,7-dimethyl-2,6-octadienal) inhibits RA
synthesis from retinol (Schuh et al., 1993; Sharpe and
Goldstone, 2000). Embryos were incubated in 120 μM citral
or 10 μM BMS-453 during gastrulation and analysed for
expression of the pronephros marker genes XSMP-30 and
XPax-2 at the late tailbud stage. Embryos did not exhibit
morphological abnormalities although gastrulation defects
occurred at high frequency when higher inhibitor concentra-
tions were used. In control embryos, XSMP-30 was highly
expressed in the pronephric tubules (Fig. 1A) and XPax-2
mRNAwas detected both in the duct and the tubules (Fig. 1D).
Identical expression pattern was obtained for mock treated
control embryos (data not shown). In BMS-453 or citral treated
embryos, the field of XSMP-30 expression was strongly reduced
(Figs. 1B, C). XPax-2 transcripts were still detected in the
pronephric duct and the common tubule but there was no
expression corresponding to the connective tubules (Figs. 1E,
F). When embryos treated with BMS-453 were supplemented
with RA, XSMP-30 expression was defective in less than 20%
of the embryos (Table 1).
We further analysed inhibition of RA in the embryo by
overexpressing XCyp26, a RA hydroxylase identified as a
critical enzyme in RA degradation. Four-cell stage embryos
were injected with XCyp26 mRNA and LacZ mRNA as a
lineage tracer. Embryos were allowed to develop to the late
tailbud stage and analysed for expression of pronephros genes.
In injected embryos, expression of XSMP-30 and XPax-2 was
Fig. 1. Effects of citral and BMS-453 on pronephros marker genes. Embryos were incubated during gastrulation with citral (B, E) or BMS-453 (C, F) or cultured in
control medium (A, D). At the late tailbud stage 33, XSMP-30 (A–C) and XPax-2 (D–F) expression was analysed by whole mount in situ hybridization. Panels D′, E′,
F′ are high magnification of the pronephric tubules area of panels D, E, F, respectively. XSMP-30 expression is severely reduced in embryos treated with the chemical
inhibitors (B, C). XPax-2 expression in connective tubules and nephrostomes (arrowheads in panel D′) is lost in treated embryos (E′, F′) while expression in the duct is
not affected.
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2D, E). Notably, mRNA for the glomus marker gene XWT-1
was not detected either suggesting that the glomus does not
form when XCyp26 is overexpressed (Fig. 2F). The absence of
pronephric tubules was further confirmed by histological
analysis at the tadpole stage. Injections of XCyp26 mRNA in
the two blastomeres fated to give rise to the left side led to the
absence of pronephric tubules on the injected side (Figs. 2J–L).
The effects on pronephros development obtained upon over-
expression of XCyp26 could be a result of a direct inactivation
of the RA signalling, but they could also reflect the generation
of a novel signalling activity coming from the RA metabolites
that are produced by exogenous XCyp26. In order to distinguish
between these two alternatives, we have tested whether RA
treatment was able to rescue pronephros development in
embryos injected with XCyp26 mRNA. If XCyp26 simply
inactivates RA, treatment with RA should rescue developmental
defects caused by overexpression of XCyp26. Indeed, such
treatment restored an almost regular pattern of XSMP-30
expression in embryos injected with XCyp26 mRNA (Table
1). Therefore, XCyp26 inhibits RA signalling without producingTable 1
RA treatment rescues the effects of BMS-453 and XCyp26 on pronephros
marker genes expression
XSMP-30 XCyp26 XCyp26+RA BMS-453 BMS-453+RA
Enhanced 0 1 0 1
Inhibited 57 2 21 5
Normal 4 19 2 17
Embryos were injected with XCyp26 mRNA or treated with BMS-453 (10 μM)
and cultured in absence or presence of RA (1 μM) during gastrulation. The
expression pattern of XSMP-30 in the pronephric region was analysed by in situ
hybridization at the late tailbud stage, compared to the pattern in uninjected and
untreated embryos (control) and classified as normal (identical to the control),
enhanced or inhibited. The number of embryos of each category is indicated.developmentally relevant signalling information for the forma-
tion of the pronephros.
In order to inhibit RA signalling in a cell autonomous
manner in the embryo, we overexpressed a dominant negative
form of the RARα receptor (dnRAR) lacking the carboxy
terminal domain required for ligand-dependent transcriptional
transactivation (Blumberg et al., 1997). Injection of dnRAR
mRNA led to an inhibition of the pronephric expression of
XSMP-30, XPax-2 and Xlim-1 and to an absence of the
glomus gene XWT-1 (Figs. 2G–I and data not shown).
Overexpression of an inactive form (XRAR386) of this
receptor had no effect on the expression of these genes
(data not shown). Thus, inhibition of RA signalling through
expression of XCyp26 or the dnRAR led to a complete
absence of the pronephros, at least when expressed at
sufficient level. Alternatively, BMS-453 and citral treatments
only inhibited gene expression in the connective tubules but
did not affect expression either in the duct or the common
tubule. It is possible that the different phenotypes result from
different levels of RA signalling inhibition. In order to test
this hypothesis and to confirm that our tools inhibit
endogenous RA signalling in the embryo, we made use of
a reporter construct in which luciferase expression is under
RARE control. The effect on reporter gene expression of
BMS-453 or citral treatment and of dnRAR or XCyp26
ectopic expression was analysed either in whole embryos or
in gastrula lateral marginal zone (LMZ) explants that contains
pronephric precursors (Fig. 3). Luciferase activity in treated
embryos or LMZ was compared to luciferase activity in
untreated control embryos or LMZ. The results clearly show
that reporter gene activity is lowered by BMS-453, citral, the
dnRAR and XCyp26; confirming that they all inhibit
endogenous RA signalling. Analysis in the LMZ explants
further shows that this inhibition occurs in the region of the
presumptive pronephros. The various treatment did not inhibit
Fig. 2. Ectopic expression of XCyp26 or dnRAR inhibits pronephros formation and expression of pronephros marker genes. Four-cell stage embryos were injected
with XCyp26 (D–F) or dnRAR (G–I) encoding mRNA together with LacZ mRNA into the four blastomeres (A–I) or the two blastomeres fated to give rise to the left
side (J–L). In the later case, the right side of the embryo is used as an internal control. A–I: In situ hybridization (purple staining) for XPax-2 (A, D, G) XSMP-30 (B, E,
H) and XWT-1 (C, F, I). X-gal staining is revealed in red (D–I). In control embryos, XPax-2 is expressed in the tubules and the duct while XSMP-30 is restricted to the
tubules and XWT-1 expressed in the glomus. No signal for these genes in either of theses structures was detected. J–L: Transverse histological section of tadpole stage
38. Several pronephric tubules (red circle) are clearly visible on the control side (K, and high magnification in panel J) whereas none is observed on the injected side (K,
and high magnification in panel L).
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dnRAR or of XCyp26 had a stronger effect than BMS-453
or citral treatment. These results led us to interpret the BMS-
453 and citral pronephric phenotype as a result of an
incomplete RA signalling inhibition.
Taken together, these results show that RA signalling is
required for the formation of the three pronephros components
i.e. the glomus, the tubules and the duct.
Increased RA signalling expands the pronephric field
Since reduction of RA signalling inhibits pronephros
formation, we investigated if increasing RA signalling could
have the opposite effect i.e. that it would lead to an
enlargement of the pronephros. We decided to overexpress a
constitutively active RAR receptor (VP16-xRARα1) created
by fusing the strong transactivation domain from VP16 to
the amino terminus of xRARα1 (Blumberg et al., 1997) and
the RA-synthesizing enzyme XRaldh2. Since all–trans-retinal
(ATR), the substrate for XRaldh2, could be a limiting factor,
XRaldh2 mRNA injected embryos were also treated withATR. As expected, injection of VP16-xRARα1 encoding
mRNA dramatically increases the level of RA signalling in
the embryo as demonstrated by analysis of an RA-responsive
reporter gene expression. The same is true, although at a
much lower level, for ATR-treated embryos overexpressing
XRaldh2 (Fig. 3). In these embryos, XPax-8 and XSMP-30
expression in the pronephros territory was stronger and
slightly larger on the injected side (Figs. 4A–D). Enlarge-
ment of the XPax-8 pronephric expression domain was also
observed following expression of the constitutively active
RAR receptor VP16-xRARα1 (Figs. 4E, F). A close
examination of XRaldh2 and VP16-xRARα1 mRNAs injected
embryos revealed that many cells that received the
exogenous mRNA failed to express XPax-8 and XSMP-30
and we did not observed isolated patches of ectopic
expression separated from the normal position of the
pronephros (Fig. 4). Thus, additional signals or factors may
be required in addition to RA signalling to induce and/or
maintain a pronephric fate, or the pool of cells responding to
RA by forming pronephros may be restricted by inhibitory
signals.
Fig. 3. Inhibition or activation of endogenous RA signalling monitored by an RA-responsive luciferase reporter gene. Luciferase activity was measured in embryos
(blue plots) or LMZ explants (red plots) injected with dnRAR, XCyp26 or VP16-xRARα1 encoding mRNAs, or treated with BMS-453, citral or RA at the early
gastrula stage. Embryos and LMZ explants injected with XRaldh2mRNAwere treated with ATR at early gastrula stage. Luciferase activity was compared to luciferase
activity from mock treated control embryos or LMZ explants injected with the reporter alone. Graph shows fold-induction relative to the reporter alone. Five embryos
and 10 LMZ explants were used for each experimental condition. Assays were carried out five times and averaged. Expression of dnRAR or XCyp26 or treatment with
BMS-453 or citral greatly diminishes the reporter gene response to endogenous RA signalling. Conversely, luciferase activity is strongly increased in response to
VP16-xRARα1, RA treatment or XRaldh2 overexpression followed by ATR treatment.
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pronephros precursors
We further investigated whether RA deficiency directly
affects pronephros precursors or whether it acts in an indirect
way on surrounding tissues involved in the emission of
inductive signals responsible for pronephros specification.
Spemann Organizer and anterior somites are thought to play a
role in pronephros induction and their alteration could result in
impaired pronephros formation (Mauch et al., 2000; Seufert et
al., 1999).
In order to test whether RA deficiency directly affects the
reception of inductive signals from the Spemann Organizer,
we analysed pronephros induction in combined marginal zone
explants. When the VMZ explanted at early gastrula stage is
combined with a DMZ, pronephric tubules differentiate from
the ventral explant under the influence of signals from the
Organizer (Dale and Slack, 1987). Isolated VMZ or DMZ do
not form significant amount of tubules. We controlled first
that pronephros induction was impaired upon inhibition of
RA signalling. As expected, combinations, cultured until
sibling controls reached the late tailbud stage, expressed the
tubule marker XSMP-30. They also expressed XWT-1,
suggesting that glomus has been induced as well. In the
presence of BMS-453, both XWT-1 and XSMP-30 expression
dramatically dropped down (Fig. 5A) showing that prone-
phros induction in combinates requires functional RA
signalling. We then expressed the dnRAR in VMZ explants
and combined the VMZ with DMZ from uninjected embryos.
Such combinations failed to express significant amount of
XWT-1 and XSMP-30 (Fig. 5B). This strongly suggests that
RA signalling is necessary for mesodermal cells to becommitted to a pronephric fate in response to the signals
from the Organizer.
We then tested whether targeting XCyp26 expression in
anterior somites was sufficient to inhibit pronephros develop-
ment or whether this process necessitates that inhibition of RA
occurs in the pronephric field. Embryos were injected at the 4-
cell stage in the DMZ with a mix of LacZ mRNA and XCyp26
or dnRAR mRNAs and raised to the tailbud stage. β-
galactosidase activity was revealed and embryos were pooled
into two groups: those with X-gal staining in the dorsal part of
the embryo, but not in the pronephric region and those with
staining encompassing the pronephric region. When X-gal
staining was restricted to the dorsal part of the embryo
comprising the somites, XSMP-30 expression in the pronephros
was identical to control embryos (Figs. 6A, B). In contrast,
XSMP-30 was inhibited in embryos with X-gal staining in the
pronephric region (Fig. 6C). Identical results were obtained
with the dnRAR (data not shown). These observations indicate
that inhibition of RA signalling in dorsal structures including
anterior somites is not sufficient to perturb pronephros
formation.
Finally, we developed a transplantation assay that allows to
target RA inhibition at gastrula stage in a small set of cells in
the marginal zone. The experimental strategy was to
orthotopically transplant a graft composed of a mixed
population of wild type (stained with RLDx) and modified
(i.e. GFP/dnRAR injected) cells in the presumptive proneph-
ric field of the marginal zone (Fig. 6D) and analyse their
progeny at the tailbud and tadpole stages (see Materials and
methods). Observation under fluorescence showed that GFP/
dnRAR and RLDx cells were always similarly distributed in
the embryo (n=100) (Figs. 6F, G) and no obvious difference
Fig. 5. Inhibition of RA signalling affects pronephros formation in combined
marginal zones. VMZs were combined with DMZs at the early gastrula stage
and cultured in a control medium (A, lane 1) or in presence of BMS-453 during
gastrulation (A, lane 2). XWT-1 and XSMP-30 expression was studied by RT-
PCR at stage 33. Expression of XWT-1 and XSMP-30 is detected in control
combined marginal zones but severely downregulated in combined marginal
zones incubated with BMS-453. Expression of XWT-1 and XSMP-30 is also
reduced in combined marginal zones in which the VMZ was dissected from
embryos injected with dnRAR mRNA (B, lane 2). RT: control without reverse
transcriptase; ODC is a loading control.
Fig. 4. Increased RA signalling expands the size of the pronephros. Four-cell
stage embryos were co-injected with β-galactosidase encoding mRNA and
XRaldh2 (A–D) or VP16-xRARα1 (E, F) mRNAs into the two blastomeres fated
to give rise to the left side (right column). Embryos in panels A–D were treated
30 min with ATR. XPax-8 (A, B, E, F) and XSMP-30 expression (C, D) was
analysed by in situ hybridization at the early tailbud and tadpole stages
respectively (purple staining). X-gal staining is revealed in red (B, D) or light
blue (F). Panels A′, B′, C′, D′ are pronephros area enlargements of panels A, B,
C, D, respectively. XPax-8 and XSMP-30 expression in the pronephros
primordium is enlarged on the injected side compare to the uninjected one.
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that inhibition of RA does not globally alter morphogenetic
movements, nor it grossly influences cell death or prolifera-
tion of the dorso-lateral mesodermal cells. In 25% (25/100) of
the embryos, grafted cells progeny populated the pronephric
region. These embryos were allowed to develop to the tadpole
stage 40 and the respective contribution of GFP/dnRAR and
RLDx cells to the pronephric tubules was analysed. We never
found GFP/dnRAR cells in the tubular epithelium (n=25/25)
although control RLDx cells were always present in this
epithelium (n=25/25) (Figs. 6H–M). These findings suggest
that pronephric precursors unable to interpret RA signals are
compromised in their ability to differentiate into epithelial
cells of the pronephric tubules.Taken together, these data imply that RA deficiency inhibits
pronephros development by directly affecting pronephric
precursors.
RA signalling is required during gastrulation for pronephros
formation
To define the stages during which RA signalling is required
for pronephros formation, embryos were incubated at different
developmental stages with BMS-453 for a period of 6 h. All the
embryos were cultivated until tailbud stage and analysed for
XPax-2 expression by in situ hybridization. Addition of BMS-
453 by completion of gastrulation did not strongly modify
XPax-2 expression (Fig. 7E) although a closer examination
revealed some differences that could reflect subtle morpholo-
gical defects in the tubules. Indeed, morphological defects were
stronger when embryos were cultured continuously in presence
of the inhibitor from the early neurula stage to the late tailbud
stage (Fig. 7F). In contrast, embryos incubated with BMS-453
during the whole course of gastrulation until the early neurula
stage 13 showed a strong inhibition of XPax-2 expression in the
pronephric field (Fig. 7B). When embryos were treated from the
mid-gastrula stage to the mid-neurula stage, a weaker but
nonetheless significant inhibition of XPax-2 expression was
Fig. 6. RA signalling is required in pronephric precursors. A–C: XSMP-30 expression in embryos injected in the two dorsal blastomeres at the 4-cell stage with
XCyp26 mRNA and β-galactosidase encoding mRNA as a lineage tracer. X-gal staining is revealed in blue and XSMP-30 expression in purple. When XCyp26
overexpression is restricted to the dorsal part of the embryos, XSMP-30 expression is not affected (B) whereas it is severely reduced when XCyp26 expression
encompasses the pronephric primordium (arrowhead in panel C). An uninjected embryo is shown in panel A. D: Experimental design for the transplantation assay
E–G: Grafted embryo cultured to the tailbud stage 28. Lateral view of the anterior region showing localization of RLDx (red, F) and GFP/dnRAR (green, G
expressing cells. H–M: Grafted embryo cultured to the tadpole stage 38. Lateral view of the anterior region showing localization of RLDx (red, I) and GFP/dnRAR
(green, J). Panels K, L and M present the same transverse histological section in the pronephric tubules area showing dapi staining (K), RLDx (L) and GFP (M
localization. Tubules contain RLDx but not GFP/dnRAR cells. In panels E–J, anterior is on the right and dorsal up.
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Fig. 7. RA signalling is required during gastrulation for pronephros formation. Embryos were treated (B–F) or not (A) with BMS-453 during the time windows
indicated in the cartoon, cultured until the late tailbud stage analysed for XPax-2 expression by whole mount in situ hybridization. Panels A′, B′, C′, D′, E′, F′ are
tubules area enlargements of panels A, B, C, D, E, F respectively. The effect of BMS-453 on XPax-2 expression in the pronephric tubules is much more severe if
embryos are treated during gastrulation (B, C, D) rather than after gastrulation is completed (E, F).
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mainly required during gastrulation for the formation of
pronephric tubules.
RAR-α is strongly expressed during gastrulation in pronephric
mesoderm
Since RA binds to RARs to regulate transcription of target
genes, RARs expression was analysed in order to determine
which receptors might mediate RA-dependent action on
phronephros formation. The RAR family consists of three
isotypes (-α, -β, -γ) encoded by separate genes with
additional isoforms resulting from alternate promoter usage
and splicing. We performed in situ hybridization on gastrula
stage embryos with RAR specific probes for RAR-α, RAR-β
and RAR-γ. Expression patterns were compared with
XRaldh2, Xlim-1 and XPax-8 expression domains. We could
not detect any signal for RAR-β during gastrulation. The first
localized staining was observed at the early tailbud stage
(data not shown). RT-PCR analysis performed at different
stages of development showed that RAR-β is strongly
expressed maternally and at very low level during gastrula-
tion. Expression increases during neurulation (Fig. 8A).
During gastrulation, RAR-γ is essentially expressed in dorsaland lateral ectoderm (Figs. 8C, F and Ellinger-Ziegelbauer
and Dreyer, 1991; Pfeffer and De Robertis, 1994), whereas
RAR-α and XRaldh2 are strongly expressed in the involuting
mesoderm of the marginal zone (Figs. 8B, D, E, G). At the
mid-gastrula stage 11, RAR-α and XRaldh2 are expressed as a
narrow ring around the blastopore (Figs. 8B, D and Chen et
al., 2001; Shiotsugu et al., 2004). At stage 12, in situ
hybridization on embryos cut transversally into two halves at
the level of the pronephric territory clearly showed that RAR-γ
expression is restricted to the ectoderm (Fig. 8K). On the
contrary, RAR-α is expressed in the mesodermal layer and
overlaps with XRaldh2 expression except in the dorsal most
mesoderm (Figs. 8J, L). Comparison with Xlim-1 and XPax-8
expression on embryos cut at a similar anterior-posterior level
showed that Xlim-1 and XPax-8 expressing pronephric
precursors are located in the RAR-α expression domain
(Figs. 8H, I, L).
Thus, RAR-α but not RAR-γ or RAR-β is strongly expressed
during gastrulation in the mesoderm that contains the
pronephric precursors during gastrulation. These results
strongly suggest that RAR-α is very likely to mediate RA-
dependent actions on pronephros specification. The observation
that treatment of gastrula embryos with BMS-753, known to
activate Xenopus RAR-α and RAR-γ (Escriva et al., 2006),
Fig. 8. RAR-α is expressed in pronephric mesoderm. A: RT-PCR analysis of RAR-β expression during Xenopus embryogenesis. Embryonic stages are indicated
according to Nieuwkoop and Faber, 1967. ODC is used as an RNA loading control. B–L: In situ hybridization on gastrula stage 11 (B–G) or stage 12 (H–L) for
XRaldh2 (B, E, J), RAR-γ (C, F, K), RAR-α (D, G, L), XPax-8 (H) and Xlim-1 (I). In situ hybridization was performed on hemisectioned embryos except in
panels B–D. In panels H–L, embryos were cut transversally at the level of the pronephric territory, dorsal is up. RAR-α and XRaldh2 are expressed in the mesodermal
layer during gastrulation and their expression domains overlap with Xlim-1 and XPax-8 expression in the pronephric territory at the late gastrula stage.
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not shown) supports this idea.
Control of early XPax-8 and Xlim-1 expression in the
pronephric lineage by RA signalling
Xlim-1 and XPax-8 are the earliest known genes specifically
expressed in the presumptive pronephric field. Their expression
begins in pronephric precursors at the late gastrula stages and is
maintained in the pronephric primordium through late tailbudstages. XPax-8 and Xlim-1 expression in the pronephric field
was inhibited as early as the end of gastrulation in XCyp26
mRNA injected embryos, indicating that the onset of their
expression in this territory required RA signalling (Fig. 9). We
then analysed the dependency of Xlim-1 and XPax-8 expression
upon RA signalling at different stages of development using
chemical inhibitors. Embryos were incubated at the early
gastrula stage 10.5 with BMS-453 or citral and analysed for
Xlim-1 and XPax-8 expression 6 h later, at the end of
gastrulation. These embryos showed a reduced Xlim-1 and
Fig. 9. Ectopic XCyp26 mRNA affects early expression of XPax-8 and Xlim-1.
Four-cell stage embryos were injected with XCyp26 and β-galactosidase
encoding mRNAs into the two blastomeres fated to give rise to the left side. At
stage 13, Xlim-1 and XPax-8 expression was analysed by combined in situ
hybridization (purple staining) and β-galactosidase activity (red staining).
Xlim-1 (A, B) and XPax-8 (C, D) expression in the area fated to give pronephros
is severely reduced on the injected side. Note that expression of XPax-8 in the
otic placode is also reduced. Dorsal is up, anterior is to the right for the control
sides and to the left for the injected sides.
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10A, C, E, G). When the same inhibitor treatment was applied at
the neurula stage 17, examination of Xlim-1 and XPax-8
expression did not reveal any difference with control embryos
(Figs. 10B, D, F, H). This indicates that although RA signalling
is required for Xlim-1 and XPax-8 expression during gastrula-
tion, the late expression of both genes during pronephros
morphogenesis is independent of RA signalling.
Then, we characterized the response of Xlim-1 and XPax-8
to exogenous RA. We first determined the timing of activation
of these genes in response to RA treatment. Embryos were
incubated at the late gastrula stage with RA, harvested 20, 40
and 60 min after the onset of the treatment and stained for Xlim-
1 or XPax-8 expression (Figs. 10I–P and data not shown).
Twenty min of RA treatment were sufficient to increase the
level of Xlim-1 expression and to broaden its expression pattern
(Figs. 10I, L). Sixty minutes after the onset of the treatment,
Xlim-1 transcripts were no longer restricted to a stripe but
present all over the lateral plate except at the most extreme
anterior and posterior ends (Figs. 10K–N). In the same
experimental conditions, a significant enhancement of XPax-8
expression was detected after 2 h of RA treatment (Figs. 10O,
P). We then addressed whether RA could still induce Xlim-1 in
the presence of the protein synthesis inhibitor cycloheximide
(CHX). We observed that CHX treatment alone led to the
upregulation of Xlim-1 (n=48/48) (Fig. 10R; n=48/48).
However, when embryos were treated with both RA and
CHX, Xlim-1 expression was much more strongly upregulated
even when embryos were first treated with CHX for 30 min
before concomitant RA and CHX treatment (Fig. 10J; n=43/
50). The early and protein synthesis-independent response to
RA suggests that Xlim-1 may be a direct target of RA-mediatedtranscriptional activation in the pronephric lineage during late
gastrulation.
The specification of early nephric lineages is impaired in
Raldh2−/− mouse embryos
In order to address whether the role of RA signalling
during early steps of kidney development is conserved in
vertebrates, we analysed the expression of genes involved in
the specification of the nephric lineages in mouse embryos
carrying a null mutation for Raldh2. This gene encodes
retinaldehyde dehydrogenase 2, the main RA-synthesizing
enzyme acting during early embryogenesis. Using a RA-
sensitive reporter transgene, Raldh2−/− embryos have been
shown to lack any RA activity in the trunk mesoderm until
E9.5 (Niederreither et al., 1999, 2002). As soon as the 5–7
somite-stages, the expression of two marker genes, Pax2 and
Emx2, was initiated in the intermediate mesoderm of the
pronephric anlage of wild-type (WT) embryos (Figs. 11A, C).
However, at this stage none of these genes was expressed in
the intermediate mesoderm of Raldh2−/− embryos (Figs. 11B,
D; n=3 and 2, respectively). At the 13–14 somite-stages,
whereas both genes were expressed in pronephric and
mesonephric cells of WT embryos (Figs. 11E, I), only Pax2
expression was detected in putative mesonephric cells in
Raldh2−/− mutants (Figs. 11F, H; n=5 and 3, respectively).
At these stages, the intermediate mesodermal cells in mutants
also failed to express Evi1 (Van Campenhout et al., 2006),
another marker gene of the mesonephros (Figs. 11G, H, insert
panels). To assess whether the abnormal patterns of gene
expression observed in the RA-deficient embryos might reflect
a lack of development of the intermediate mesoderm cell
columns, we compared the histology of WT and Raldh2−/−
embryos on serial semi-thin transverse sections of the trunk.
In both mutant and WT embryos, intermediate mesoderm
cells were seen between the somitic and lateral mesodermal
layers (Figs. 11I–L). Whereas in WT embryos these cells
were organized into primitive nephric cords, both at
pronephric (Fig. 11I) and mesonephric (Fig. 11K) levels, in
mutants (Figs. 11J, L) they were not properly clustered,
especially at anterior trunk levels in the putative pronephric
region (Fig. 11J). However, at E9.5 tubular structures were
seen along the mesonephric columns of Raldh2−/− embryos
(data not shown), indicating that the mesenchymal-to-
epithelial transition of mesonephric tissues, although delayed,
can proceed in mutants.
To further investigate whether mesonephric gene expres-
sion is eventually induced in Raldh2−/− embryos, we analysed
the same marker genes at E9.5. As expected, Pax2 transcripts
were consistently detected in mutants (Fig. 11N; n=4),
although the labeled, putative mesonephric columns were
shorter in comparison to WT embryos (Fig. 11M). This is
consistent with the overall truncation of trunk structures in
Raldh2−/− mutants, due in particular to defects in somite
development (Niederreither et al., 1999; Vermot et al., 2005;
Sirbu and Duester, 2006). Unlike Pax2, expression of both
Emx2 (n=5) and Evi1 (n=3) was detected only in small
Fig. 10. Xlim-1 and XPax-8 expression at the late gastrula stage depends on RA signalling and RA induces Xlim-1 expression in absence of protein synthesis. A–H: In
situ hybridization for Xlim-1 (A–D) and XPax-8 (E–H) in control embryos (A, B, E, F) or embryos incubated with BMS-453 (C, D, G, H) for 6 h since the gastrula
stage 10.5 (C, G) or the neurula stage 17 (D, H). Xlim-1 and XPax-8 staining in the pronephric lineage is reduced when the inhibitor treatment is applied at gastrula
stage but not at neurula stage. I–P: Embryos incubated with RA (1 μM) at the late gastrula stage 12.5 and analysed for Xlim-1 (I–N) or XPax-8 (O, P) expression by in
situ hybridization 20, 40, 60 or 120 min after the onset of the treatment. Q–T: Xlim-1 expression in control embryos (Q), in embryos treated at the late gastrula stage
12.5 with CHX (R), RA (S) or RA and CHX (T). CHX was applied 30 min before the onset of the 2 h RA treatment.
46 J. Cartry et al. / Developmental Biology 299 (2006) 35–51clusters of cells in mutant embryos (compare Figs. 11O, P).
The size of the labeled cell clusters varied between mutants,
and even between the left and right side of a given embryo
(data not shown). In some cases (Emx2, n=4; Evi1, n=1), no
expression was detected on one side of the intermediate
mesoderm.
Altogether, these findings indicate that in Raldh2−/− mouse
embryos, the specification of the pronephric lineage is severely
compromised. Eventually, prospective mesonephric columnsexpressing Pax2 develop, although these remain truncated due
to the overall trunk defects, and do not properly induce other
gene markers such as Emx2.
Discussion
The pronephric field is specified in a process that likely
begins during gastrulation in a region of the intermediate
mesoderm where expression of Pax-8/2 and Lim1 overlaps
Fig. 11. Abnormal pro- and mesonephros specification in Raldh2−/− mouse mutants. Gene expression was analysed by whole mount in situ hybridization with Pax2
(A, B, E, F, M, N) and Emx2 (C, D, G, H, O, P) probes. Inserts in panels A–D show the heads of the same embryos, where comparable labeling was observed between
WTandmutant for each of the probes. Inserts in panels G, H, O, P show Evi1 labeling in the trunk region of other embryos. Embryo genotypes and developmental stages
are indicated above and on the left side, respectively. Panels I–L are transverse semi-thin sections (toluidine blue staining) at two levels (I, J: anterior/pronephric region;
K, L: more posterior/mesonephric region) of 13–14 somite-stage embryos. im, intermediate mesoderm; ms, mesonephros; nc, nephric cord; pn, pronephros; so, somite.
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2000). Signals involved in this process remain poorly defined
and the aim of the present study was to investigate the role of
RA signalling. We used different ways of interfering with RA
signalling in Xenopus embryos to demonstrate that it is
required during gastrulation for pronephros specification.
Expression of Xlim-1 and XPax-8 in the pronephric precursorsis inhibited in absence of RA signalling and experiments
conducted with a protein inhibitor synthesis indicate that
Xlim-1 may be directly regulated by RA. Moreover, we
suggest that implication of RA signalling in the early steps of
kidney formation is evolutionary conserved in vertebrates
since pronephros development is impaired in Raldh2−/−
mutant mice deficient for RA synthesis.
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specification
We interfered with RA signalling in the developing Xenopus
embryo using two different chemical inhibitors, as well as by
overexpressing a dominant negative RAR (Blumberg et al.,
1997) or the RA-catabolizing enzyme XCyp26 (Hollemann et
al., 1998). In some experiments, loss of function was targeted to
a subset of mesodermal cells fated to give pronephros. These
various strategies allowed us not only to show that RA
signalling is essential for pronephros formation but also to
provide a more complete understanding of when, and in which
cells, RA signalling is needed.
Timing experiments revealed that RA signalling is required
during gastrulation for Xlim-1 and XPax-8 expression, indicat-
ing that RA signalling is part of the specification process that
ends at the early neurula stage (Brennan et al., 1998, 1999;
Hollemann et al., 1998). An active RA signalling activity has
also been shown to be required during gastrulation in zebrafish
for pancreas specification (Stafford and Prince, 2002; Chen et
al., 2004), anteroposterior patterning in the central nervous
system and pectoral fin induction (Begemann et al., 2004;
Grandel et al., 2002; Linville et al., 2004). In addition to the
early RA requirement during gastrulation that is essential for
pronephros specification, our results reveal a post-gastrulation
requirement for phronephros morphogenesis as inhibition of
RA signalling, when initiated after gastrulation, leads to defects
in tubules morphogenesis. Consistent with a late role of RA
signalling, Raldh2 mRNA and the protein ALDH1, another
aldehyde dehydrogenase involved in RA synthesis, are
localized in the tubules and the duct of Xenopus tailbud-stage
embryos (Ang and Duester, 1999; Chen et al., 2001).
Importantly, our data also address whether absence of
pronephric cells is a direct consequence of lack of RA signalling
in the pronephric precursors, or an indirect consequence of lack
of signalling in adjacent tissues. RA is known to modify
mesodermal patterning (Ruiz i Altaba and Jessell, 1991) and
expression of some Organizer genes is under regulation of RA
signalling (Cho and De Robertis, 1990; Yelin et al., 2005).
However, an indirect effect through the modification of
Spemann Organizer signalling activity is ruled out by our
transplantation and combined marginal zone experiments. In
these experiments, RA inhibition is specifically targeted to cells
fated to form pronephros and not to the cells of the Spemann
Organizer. Along a similar line, pronephros defects in a RA-
deficient context could be the result of an unpaired somite
formation since it has been proposed that pronephros may be
specified in response to interaction between presumptive
anterior somitic and lateral plate mesodermal tissue during
gastrulation (Mauch et al., 2000; Seufert et al., 1999). RA is a
major contributor to segmental patterning of the paraxial
mesoderm and has been shown recently to be crucial to
maintain the bilateral synchrony of mesoderm segmentation
(Kawakami et al., 2005; Vermot et al., 2005; Vermot and
Pourquie, 2005; Sirbu and Duester, 2006). VAD chicken
embryos and mouse Raldh2−/− mutants display abnormally
small somites (Maden et al., 2000; Niederreither et al., 1999;Quinlan et al., 2002) and conversely, treatment of Xenopus
embryos with RA leads to the formation of enlarged somites
(Moreno and Kintner, 2004). Therefore, defects in somitogen-
esis may occur in Xenopus embryos deficient for RA. Indeed,
we noticed that overexpression of XCyp26 or the dnRAR on
one side of the embryo induced a curvature of the body axis
toward the injected side, likely due to segmentation defects.
Nevertheless, we think it is unlikely that inhibition of
pronephros specification is related to defects in segmentation
for the following reasons: (1) XPax-8 and Xlim-1 expression is
inhibited as early as the late gastrula stage, well before
segmentation of the first somite pair occurs. (2) Although the
lack of regional markers for specific populations of anterior
paraxial mesoderm may not allow to reveal subtle somitic
defects, expression of MyoD in prospective myotomal cells is
similar in wild type and XCyp26-injected embryos (data not
shown). (3) Importantly, when XCyp26 is targeted to the somitic
mesoderm and not to the pronephric precursors, pronephros
development is normal as judged by XSMP-30 expression. (4)
Finally, the transplantation experiments that allow to target the
loss of function in few mesodermal cells are not in favour of an
indirect effect through the somites.
Therefore, our results indicate that an active RA signalling is
required during gastrulation in a subset of mesodermal cells
fated to form pronephros. In agreement with this idea, analysis
of the RARs expression patterns during gastrulation revealed
that RAR-α is expressed in the presumptive pronephric cells.
Source of the RA signal
RA is a small molecule able to diffuse across distances of
several micrometers (Eichele and Thaller, 1987). It may
therefore control the action of nuclear RA receptors in cells
where it is synthesized, and/or in neighboring cells via paracrine
signalling. If RA signalling is required in pronephric precursors,
what is the origin of the RA signal? RA could be synthesized by
pronephric precursors and act in an autocrine manner, or could
be released by an adjacent tissue and act at a distance. A third
possibility would be a combination of both mechanisms. The
Organizer and the paraxial mesoderm are potentially sources of
RA. Retinoids and RA-synthesizing enzymes have been
identified in the Organizer region of several vertebrates and
the paraxial mesoderm provides a source of RA required for
neural tube patterning along the anteroposterior axis (Sirbu et
al., 2005). In Xenopus, the DMZ contains high concentration of
retinoids during late gastrula stages (Chen et al., 1994; Kraft et
al., 1994). Analysis of transgenic embryos injected with a RA-
reporter plasmid revealed RA signalling activity localized to the
dorsal lip region, consistent with the expression of Raldh2 and
Raldh3 in the DMZ of the gastrula (Yelin et al., 2005). Although
our data do not definitively exclude that RA released by these
tissues is involved in pronephros specification, several argu-
ments are in favour of an autocrine mechanism. First, if the
DMZ or the paraxial mesoderm was the only source of the RA
signal, blocking this signal by expressing ectopically XCyp26 in
these tissues should inhibit expression of pronephric marker
genes, and it is not what we observed. Second, the pronephric
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marginal zone, and Raldh2 is strongly expressed in the internal
involuting mesoderm of this domain (Chen et al., 2001).
Moreover, XRaldh2 expression overlaps with XPax-8 and
Xlim-1 expression in the pronephric territory of the late gastrula.
Interestingly, development of the pancreas, an endodermal
derivative that initially develops in close proximity to the
mesodermal pronephros, has also been shown to require RA
signalling in Xenopus, zebrafish, quail and mouse (Chen et al.,
2004; Martin et al., 2005; Molotkov et al., 2005; Stafford and
Prince, 2002). In Xenopus, the precursors of the dorsal
pancreatic rudiment are located to the suprablastoporal
endoderm of the gastrula stage 10.5 (Chalmers and Slack,
2000). Although precise comparative fate mapping data are
missing, we believe that they are located in close proximity to
the pronephric precursors at the gastrula stage, Hence, both cell
populations may receive the same local RA signal in an
autonomous manner for the pronephric mesoderm and a non-
autonomous manner for the prospective pancreatic endoderm,
supporting the idea that RA is critically involved in establishing
a prepattern in gastrula stage mesendoderm. Noteworthy,
pancreatic cells as well as pronephric cells could be induced
in Xenopus blastula animal caps treated with activin A and RA
(Moriya et al., 2000).
Target genes of RA signalling in pronephros specification
Lim-1 and Pax-8/2 are expressed early on in the intermediate
mesoderm fated to become pronephros and their expression
continues in the pronephric anlage during morphogenesis. We
observed that RA signalling is required for expression of Xlim-1
and XPax-8 in the pronephric lineage at late gastrula stage but
not later on at late neurula stage. Thus, RA signalling is
involved in the induction of Xlim-1 and XPax-8 expression in
the intermediate mesoderm, but is not essential for their
maintenance in the pronephric anlage. The early and protein
synthesis-independent response of Xlim-1 to RA suggests that
this gene may be a direct target of RA-mediated transcriptional
activation in the pronephric lineage during late gastrulation.
Xlim-1 expression was also reported to be induced by RA in
blastula animal caps (Taira et al., 1992) and it was further shown
that this effect was abrogated by CHX suggesting an indirect
action (Tadano et al., 1993). This later result appears to be
contradictory to our present results, but differences in the timing
and the tissue type analysed can explain this discrepancy. We
performed our experiment in the whole embryo and not in the
context of the animal cap assay. Most importantly, we
specifically analysed the RA effect on Xlim-1 expression in
the pronephric lineage at the end of gastrulation while the study
by (Tadano et al., 1993) does not allow to discriminate between
Xlim-1 expression in the axial mesoderm, neurectoderm and
pronephros. The earliest upregulation of XPax-8 expression in
response to RA was only detected 2 h after the onset of RA
treatment. In mouse, Pax-2 plays a major role in the control of
the onset of pronephros development and we show that its
expression is strongly down-regulated in the intermediate
mesoderm of Raldh2−/− mutant embryos. A kidney-specificenhancer element located approximately 3 Kb upstream of the
Pax-2 transcription start site was shown to direct reporter gene
activity in the epithelium of the pronephric duct at E 8.25 and in
the Wolffian duct starting at E 9.0 (Kuschert et al., 2001; Pfeffer
et al., 2002). Analysis of this genomic region and of potential
transcription binding sites should help understanding how Pax-
2 is regulated in pronephros. Recently, a microarray analysis
was used to systematically isolate genes whose expression was
altered by modulating RAR activity in Xenopus neurula (Arima
et al., 2005). In agreement with our study, several up-regulated
genes are expressed in the developing pronephros or appear to
play roles in nephrogenesis in mammals.
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